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Abstract  I ,  

Quest ions of the  r o l e  of nega t ive  boron hydride ions f requent ly  a r i s e  i n  
problems concerning energe t ics  of  e l e c t r o n  impact processes ,  discharge tube reac- 
t i o n s ,  and rad ia t ion  chemistry. I n  view of t h e  f a c t  t h a t  t h e  boron hydrides  a r e  
e lec t ron  d e f i c i e n t  compounds, it might be  expected t h a t  they a r e  more prone t o  
negat ive ion formation than hydrocarbons; however, very few s t u d i e s  of such ions  
have appeared i n  the  l i t e r a t u r e .  
on boron hydride negat ive ions  produced by e l e c t r o n  bombardment o f  diborane,  t e t r a -  
borane, and pentaborane-9. A pulsed e l e c t r o n  beam, a quadrupole m a s s  ana lyzer ,  and 
a n  e lec t ron  m u l t i p l i e r  were used f o r  t h i s  work. In  diborane, t h e  most i n t e i s e  ions 
observed were BzH3- p d  BHQ-. 
B*H-, Bz-, BH3-, BH2 , BH-, and B 
negat ive ions observed i n  te t raborane  included t h e  r e l a t i v e l y  high i n t e n s i t y  B3H7 
and lower i n t e n s i t i e s  of  BzHg-, B2H4 , BHI, , , e t c .  
obtained f o r  B4Hg . Simi lar  r e s u l t s  were obtained wi th  pentaborane-9. 

This  paper g ives  some q u a l i t a t i v e  r e s u l t s  obtained 

Lover and varying i n t e n s i t i e s  of BzH4-, B2H3 , B2H2 , 
were a l s o  r e a d i l y  de tec tab le .  S i m i l a r l y ,  t h e  - 
- 

I n  addi t ion ,  i n d i c a t i o n s  were 

In t roduct ion  

For many years ,  mass spec t roscopis t s  have d e a l t  almost exc lus ive ly  wi th  pro- 
cesses involving p o s i t i v e  ions;  i o n i z a t i o n ,  fragmentation, and ion-molecule reac- 
t ions .  Recently, however, d e s p i t e  problems of low i n t e n s i t y ,  an increas ing  amount 
of work has been done on negat ive  ions .  A number of spec ies  have been character-  
ized, '  and a few reac t ions  have been s t u d i e d . 2 s 3  
gat ion on t h e  r o l e  of negat ive ions  i n  flames has been c a r r i e d  out ,  using mass 
spectroscopic  techniques. 

In  addi t ion ,  a t  l e a s t  one inves t i -  

The boron hydrides a r e  t r a d i t i o n a l l y  c l a s s i f i e d  among t h e  e lec t ron  d e f i c i e n t  
compounds, and might wel l  be expected t o  form negat ive ions.  w h e n n o r e ,  some work 
has been done with t h e  boron hydrides i n  gaseous discharges and i n  radiat ionchemistry 
where t h e s e  ions might conceivably play a r o l e . 5  
study t h e  negat ive ions of the boron hyhrides  with t h e  eventual  hope of  providing 
information t o  permit t h e  eva lua t ion  of t h e  r o l e  t h e s e  ions might play i n  discharges 
and o ther  assoc ia ted  phenomena. 

We have under construct ion i n  our labora tory  a tandem mass spectrometer  f o r  the  
In  t h e  course of t e s t i n g  t h e  f i r s t  stage of t h e  

Thus, it w a s  of i n t e r e s t  t o  us t o  

study of ion-molecule reac t ions .  
instrument, it became apparent t h a t  t h e  spectrometer might be s u i t e d  f o r  t h e  obser- 
vat ion of negat ive ions .  The ions from SF6 and 0 2  were detected wi th  r e l a t i v e  ease.  
I t  was decided t o  i n v e s t i g a t e  v h a t  negat ive ions  could be observed i n  t h e  s impler  
boron hydrides; diborane, t e t raborane ,  and pentaborane. 

Because t h e  spectrometer i s  s t i l l  i n  t h e  construct ion s tage,  some of  t h e  re- 
finements normally found on convent ional  instnunents  a r e  lacking,  s o  t h a t  t h e  
results obtained are  necessar i ly  of a q u a l i t a t i v e  na ture .  Nevertheless ,  it w a s  f e l t  
t h a t  t h e  observations were s u f f i c i e n t l y  i n t e r e s t i n g  t o  warrant repor t ing .  

Experimental 

The important f e a t u r e s  of  t h e  b a s i c  experimental arrangement a r e  shown diagrem- 
mat ica l ly  i n  Fig. 1. 
i n t o  t h e  ion source through a Granvi l le -Phi l l ips  leak.  The ion  source,  which is  
s i m i l a r  i n  design t o  one descr ibed by Von Zahn,6 has  an e lec t ron  beam energy 

The gas  t o  be analyzed flows from a bulb a t  roan temperature 
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v a r i a b l e  from 0 - 100 v o l t s .  
temperature ,  or ion iz ing  c u r r e n t  i n  t h e  ion source. 
a c c e l e r a t e d  t o  50  - 100 v o l t s ,  and mass analyzed by a quadrupole mass f i l t e r  with a 
length  of  10.0 inches and an ro of 0.27 inches.  
varying t h e  RF and DC vo l tages  t o  t h e  quadrupole. The r e s o l u t i o n  of t h e  quadrupole 
is  e l e c t r o n i c a l l y  v a r i a b l e .  
by a Bendix Channeltron continuous e l e c t r o n  m u l t i p l i e r .  

There are no provis ions  f o r  measuring pressure ,  
The ions a r e  focused and 

Mass scanning i s  accomplished by 

The ions  a r e  then acce lera ted  t o  600 v o l t s  and detected 

Because of t h e  absence of  s l i t s  i n  t h e  mass spectrometer, t h e  l re la t ive ly  open 
n a t u r e  of t h e  ion source,  and t h e  high s e n s i t i v i t y  of  the d e t e c t o r ,  it i s  necessary 
t o  reduce t h e  background from s c a t t e r e d  e l e c t r o n s  reaching the  de tec tor .  This  i s  
accomplished i n  two ways: 
t h e  e l e c t r o n s  but not  t h e  i o n s ;  and second, by puls ing t h e  e l e c t r o n  beam. The 
ion iz ing  beam i s  pulsed a t  10 kc by applying a 40 v o l t  pu lse  t o  t h e  first l e n s  of 
t he  e l e c t r o n  beam. The beam ''on'' time is  10 microseconds. After a delay of 5 
microseconds, t h e  second p u l s e r  sends a one v o l t  pu lse  t o  turn  on t h e  t r a n s i s t o r -  
ized  "AND" g a t e  f o r  20 - 30 microseconds. 
g a t e  during t h i s  i n t e r v a l  a r e  s e n t  on t o  t h e  ratemeter .  A t  t h e  vol tages  used, most 
of  t h e  e l e c t r o n s  a r r i v e  at t h e  d e t e c t o r  v i t h i n  one o r  two microseconds; t h e  f l i g h t  
time of t h e  negat ive ions ,  however, i s  of t h e  order  of 1 0  - 20 microseconds. Thus, 
t h e  s i g n a l  t o  t h e  ratemeter  i s  pr imar i ly  due t o  ions ,  w i t h  a d r a s t i c  reduct ion i n  
t h e  e l e c t r o n  background. 
vo l tage  on the quadrupole w i t h  an XY recorder .  A s i g n a l  of f i v e  ions  p e r  second 
can r e a d i l y  be observed. A t y p i c a l  p l o t ,  shown i n  Fig. 2 ,  is t h e  lover  por t ion  of 
t h e  mass spectrum of t h e  nega t ive  ions  of pentaborane. 

first, by e s t a b l i s h i n g  a weak magnetic f i e l d  t o  d e f l e c t  

Only those  pulses  which a r r i v e  a t  t h e  

The output of  t h e  ratemeter  is p l o t t e d  versus  t h e  DC 

A l l  t h e  boron hydride samples were p u r i f i e d  by d i s t i l l a t i o n  i n  a vacuum 
system. 
t h r e e  s t e p s :  
through a t r a p  a t  -95 t o  condense t h e  pentaborane and t h e  higher  boron hydrides ,  
and f i n a l l y  condensing at -196. 
o f f  diborane and t e t raborane  at -98, passing through a t r a p  a t  -79, and f i n a l  t rap-  
ping a t  -196. 

The diborane w a s  t rapped  out at - 1 5 4 O C .  The te t raborane  was p u r i f i e d  i n  
pumping o f f  hydrogen and diborane while t rapped  at -130, passing 

The pentaborane was s i m i l a r l y  pur i f ied :  pumping 

Resul t s  and Discussion 

The r e s u l t s  are shown i n  t h e  bar  graph i n  Fig. 3. The narrow b a r s  represent  
A l l  measurements are f o r  70 peaks which have been m u l t i p l i e d  by a f a c t o r  of t e n .  

v o l t  ion iz ing  e l e c t r o n s .  The monoisotopic mass spectrum was computed assuming t h e  
n a t u r a l  B l O / B 1 1  d i s t r i b u t i o n  of 20/80, and a l s o  assuming t h a t  t h e r e  w a s  no isotope 
e f f e c t  i n  loss  o f  hydrogen from B10 versus  B11. 
h e i g h t s  from which t h e  monoisotopic s p e c t r a  w e r e  c a l c u l a t e d  were an average of at 
least  t h r e e  measurements, w i t h  s e p a r a t e  measurements i n  agreement wi th in  10%. In  
c a l c u l a t i n g  t h e  monoisotopic spectrum, t h e  system i s  "over-determined," :.e., t h e r e  
a r e  more equat ions than  t h e r e  a r e  unknowns. 
i n t e r n a l  consis tency of t h e  r e s u l t s .  
t ency  devia t ion  w a s  l e s s  t h a n  2%,  and i n  a l l  cases  l e s s  than 10%. 
t h e s e  consi_derations, r e l a t i v e  i n t e n s i t i e s  wi th in  a group of peaks, e.g., BgHg , 
B5He , B5H7 , e t c . ,  should b e  accura te  t o  2 10%. 
d i f f e r e n t  groups, however, it is more d i f f i c u l t  t o  ass ign  limits of e r r o r ,  f o r  t h e  
spectrometer  may favor  t h e  observat ion of low masses over  high masses i n  c e r t a i n  
cases .  One can observe t h i s  "discr iminat ion" i n  t h e  p o s i t i v e  ion  s p e c t r a ,  and it 
appears  t o  be pr imar i ly  a func t ion  of t h e  r e s o l u t i o n  o f  t h e  quadrupole. 
poss ib le ,  however, t h a t  t h e  continuous e l e c t r o n  m u l t i p l i e r  and the ion  source also 
mass d iscr imina te ,  perhaps d i f f e r e n t l y  f o r  p o s i t i v e  and negat ive ions .  
s i g n a l  from the  m u l t i p l i e r  i s  analyzed as pulses  r a t h e r  than c u r r e n t ,  mass discrim- 
i n a t i o n  by the  d e t e c t o r  should be  minimized. The e x i t  holes  i n  our ion  source are 
r a t h e r  l a r g e ,  and it would b e  expected t h a t  d i scr imina t ion  h e r e  would a l s o  be 
n e g l i g i b l e .  Thus, i f  it i s  assumed t h a t  the d iscr imina t ion  e f f e c t s  are t h e  same 

I n  n e a r l y  a l l  cases ,  t h e  Ykak 

This  provides  a means of  checking t h e  

On t h e  b a s i s  Of 

For every case except tvo,  t h e  self-consis- 

I n  comparing peaks between 

It i s  

Since t h e  
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f o r  p o s i t i v e  and negat ive i o n s ,  approximate cor rec t ions  can be made. A t  worst ,  t h e  
r e l a t i v e  i n t e n s i t i e s  throughout t h e  whole, s p e c t r a  a r e  probably c o r r e c t  within 225%. 

Although reasonable precaut ions were taken t o  assure  t h e  p u r i t y  of t h e  sample 
i n  the  diborane spectrum, peaks corresponding t o  B3H7 
These could have a r i s e n  e i t h e r  from ion-molecule r e a c t i o n s ,  from pyro lys is  of t h e  
diborane as t h e  sample flowed i n t o  t h e  source,  o r  from impur i t ies  i7  t h e  diborane. 
The l a t t e r  is improbable, for  i n  a p o s i t i v e  ion spectrum of t h e  same sample i n  the  
same spectrometer, t h e  te t raborane  peaks could be  observed only with d i f f i c u l t y .  
It w a s  estimated on t h e  b a s i s  of t h e  p o s i t i v e  i o n  spectrum t h a t  t h e  te t raborane  
impurity could be no g r e a t e r  than one p a r t  i n  five-hundred. I n  t h e  negat ive ion 
spectrum t h e  ?ea& corresponding t o  B3H7- and B2H3 
It should be noted, however, t h a t  i n  comparing t h e  diborane and te t raborane  samples, 
it .was much e a s i e r  t o  observe t h e  negat ive ion peaks from te t raborane ,  which were 
l a r g e r  by sbmbnut two orders  of magnitude. 

and B4Hg were observed. 

were of almost equal  i n t e n s i t y .  

There a re  severa l  mechanisms by which negat ive ions can be formed. The t r a d i -  
t i o n a l  processes a r e  as follows: 

1. Ion pair. formation: 
2. Resonance attachment: XY + e -+ XY 
3. Resonance attachment with d i s s o c i a t i o n :  XY + e -- X + Y- 

XY + e -+ X +  +-Y- + e 

In addi t ion ,a  process somewhat l i k e  t h e  t h i r d  mentioned above can be imagined, i n  
which t h e  n e u t r a l  s p e c i e s  i s  l e f t  i n  an exc i ted  s t a t e  which i n  t u r n  decays t o  an 
ion p a i r .  Also, a nega t ive  ion  may fragment, g iv ing  r i s e  t o  a n e u t r a l  spec ies  and 
a new negat ive ion. 

4. Excited s ta te  decay: 

5. Fragmentation: XY- -+ X + Y- 

XYZ + e +. XY* + Z- 
XY* -+ x+ + Y- 

+ Using t h e  above scheme, and assuming t h a t  t h e  fragments most e a s i l y  lost a r e  
BHg , BH3 , and hydrogens, most of t h e  more in tense  peaks i n  the negat ive  ion boron 
hydride spec t ra  can be accounted f o r  r a t h e r  well i n  t h e  following manner. 

Poss ib le  Modes of Fragmentation of  Diborane 

The underlined peaks a r e  t h e  f o u r  most in tense  i n  t h e  diborane mass spectrum. 
The o ther  peaks come from l o s s  of hydrogens, e i t h e r  s i n g l y  or i n  p a i r s ,  from t h e  
above spec ies .  

Poss ib le  Modes of Fragmentation of Tetraborane 

This scheme accounts f o r  a l l  of-the peaks with an observed i n t e n s i t y  of 
g r e a t e r  than 1%, except for t h e  B2H3 peak, whose i n t e n s i t y  i s  1.1%, and which could 
be due t o  a diborane impuri ty .  
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Poss ib le  Modes of Fragmentation of Pentaborane 

+ 

! 

e t c .  

I n  support of t h e  above mechanism, t h e  d a t a  i n  Table 1 can be c i t e d  

Table 1 

Abundances of BH2+ and BH3+ i n  Some Boron Hydrides 

Diborane7 Tetraborano8 Pentaboraneg 

BH2+ 
BH3+ 

19.1 
.59 

7.0 
.6 

12.2 -- 
(These ion i n t e n s i t i e s  were Cbtained with 70 v o l t  e l e c t r o n s ,  and are given i n  
percent  r e l a t i v e  t o  t h e  most i n t e n s e  peak i n  t h e  mass spectrum f o r  t h e  cmpound i n  
quest ion .  ) 
Thua, it can b e  argued t h a t  t h e  loss of BH2 
BH3 . The loss of BH3, however, at l e a s t  from n e u t r a l  spec ies ,  i s  f a i r l y  w e l l  
e s t a b l i s h e d  i n  a number of react ions."  
a l s o  be r e a d i l y  fragmented from negat ive  ions .  

+ 
is much more l i k e l y  than t h e  loss  of 

It should not be  too  s u r p r i s i n g  i f  BH3 can 

- It is tempting t o  ques t ion  t h e  n e c e s s i t y  of invoking t h e  e x c i t e d  s ta te  decay 
process  ( 4 )  descr ibed above. 
simply w r i t t e n  as a resonant  attachment process  with t h e  d i s s o c i a t i o n  of BH3? 
Although t h i s  i s  c e r t a i n l y  p o s s i b l e ,  one o r  two p o i n t s  argue aga ins t  t h i s  mechanism. 
F i r s t ,  a t  t h e  e lec t ron  e n e r g i e s  used, a resonant  process  of th is  type  would not be 
expected t o  be of  primary importance. Secondly, one might inqui re  why t h e  p a i r  
i o n i z a t i o n  process ,  

is  not  observed, e s p e c i a l l y  i n  view of t h e  f a c t  t h a t  t h e  analogous process  seems t o  
be t h e  predominant one i n  diborane.  Indeed, t h e  p a i r  i o n i z a t i o n  process i s  t h e  one 
which i s  expected; it is d i s t u r b i n g  t h a t  it i s  not  seen i n  view of t h e  s t a b i l i t y  of 
B3Hg i n  s o l u t i o n  and i n  t h e  s o l i d  phase. 
x-ray Work, and t h e r e  is ample t h e o r e t i c a l  and experimental j u s t i f i c a t i o n  f o r  i t s  
ex is tence . ' l  On t h e  o ther  hand, w e  have found no evidence i n  t h e  l i t e r a t u r e  f o r  
B3H;. The question a r i s e s  as t o  whether an e r r o r  can be  made i n  t h e  mass assign- 
ments. 
0- peaks, which were always p r e s e n t  i n  t h e  background. 
i n  making the  mass assignments, s o  t h a t  unless some unknown instrumental  o r  chemi- 
c a l  processes  were occurr ing  of which w e  are unaware, t h e  given assignments a r e  
c o r r e c t .  Therefore, g r a n t i n g  t h a t  t h e  repor ted  observat ions a r e  v a l i d ,  and accept- 
ing  t h e  not ion t h a t  p a i r  i o n i z a t i o n  should be $he dominant process at higher  elec- 
t r o n  enprgies ,  a n d  f u r t h e r  n o t i n g  t h a t  t h e  BH2 i o n  i s  much more predominant than 
t h e  BH3 i n  t h e  p o s i t i v e  i o n  spectrum, it seems necessary t o  invoke some mechanism 
analogous t o  ( 4 ) .  Perhaps f u r t h e r  weight can be  given t o  t h i s  argument by noting 
t h a t  t h e  parent  peak i s  not observed i n  te t raborane ,  suggest ing t h a t  a loss of 
hydrogen i s  a s t rongly  favored process  i n  t h e  e l e c t r o n  impact s i t u a t i o n .  

For example, can t h e  formation of t h e  B3H7- not  be 

+ 
~ 4 ~ 1 ~  + e + B ~ H ~ -  + B H ~  

The s t r u c t u r e  o f  B3Hg- is known frran 

The marker compounds used were 02 and H 2 0 ,  g iv ing  r i s e  t o  t h e  02 , OH-, and  
Considerable care  was taken 

The present  work sugges ts  s e v e r a l  f u r t h e r  experiments which should be car r ied  
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out t o  answer some of t h e  quest ions which have been r a i s e d  here. An inves t iga t ion  
Of  metastable  negat ive ions on a magnetic s e c t o r  instrument should prove usefu l  i n  
confirming o r  negat ing t h e  fragmentation scheme pos tu la ted  above. A carefu l  s tudy 
of t h e  diborane spectrum, e i t h e r  i n  a tandem instrument, o r  with an ion source i n  
which one could be sure  t h a t  pyro lys i s  i s  not  tak ing  p lace  would be  necessary t o  
remove the  ambiguity i n  t h e  obseraat ion of tetraborane-in t h e  diborane sample; 
whether t h e  peaks above diborane a r e  due t o  impur i t ies ,  o r  whether they do i n  f a c t  
result from ion-molecule reac t ions .  Perhaps most u s e f u l  i n i t i a l l y  would be an 
i n v e s t i g a t i o n  of t h e  boron hydride s p e c t r a  a t  low e l e c t r o n  energ ies ,  where resonance 
attachment becomes t h e  dominant process .  I d e a l l y ,  one should s tudy t h e  spec t ra  as 
a function of energy; t h e  clastogram technique" might prove va luable  i n  s o r t i n g  
out t h e  var ious processes occurring. We made some attempt t o  work a t  low e l e c t r o n  
energ ies ,  but  l a r g e l y  without success .  
c u r r e n t ,  i . e . ,  keep it constant  as a funct ion of energy, w e  would have l i t t l e  con- 
f idence i n  an appearance p o t e n t i a l  measurement, p a r t i c u l a r l y  s ince  t h e  background 
from elec t rons  again becomes a problem at low e l e c t r o n  energies ,  when they  can be 
pushed out of t h e  ion iza t ion  chamber by t h e  r e p e l l e r .  

Reese, Dibeler, and Mohler have reported on t h e  spectrum of pentaborane, i n  

Since we are unable t o  measure t h e  ionizing 

which they observed t h e  resonant attachment process  i n  t h e  parent  ion.13 
t h e i r  r e l a t i v e  i n t e n s i t i e s  a r e  d i f f e r e n t  from those  which w e  observed, t h i s  i s  
probably not s u r p r i s i n g ,  i n  view of t h e  d i f f e r e n t  energies  of t h e  ion iz ing  e lec t rons  
i n  t h e  two cases .  Curiously, however, Dibeler  does not repor t  any of t h e  lower 
fragments f o r  pentaborane. 

Although 

In  conclusion, it is  ev ident  t h a t  t h e  lower boron hydrides do form negative 
ions.  In c e r t a i n  circumstances, t h e  abundance of these  ions  mag be g r e a t  enough s o  
t h a t  they would have t o  be taken i n t o  cons idera t ion  i n  mass s p e c t r a l ,  r a d i a t i o n ,  o r  
gaseous discharge phenomena. It i s  a l s o  c l e a r ,  however, t h a t  more than a mere qual- 
i t a t i v e  study of t h e s e  negat ive ions  w i l l  be necessary f o r  t h e  complete understand- 
ing  of t h e i r  r o l e s  i n  these  s i t u a t i o n s .  
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Figure Captions 

Fig. 1. Block diagram of t h e  mass spectrometer .  
Fig. 2 .  Lower por t ion  of t h e  mass spectrum of t h e  nega t ive  ions  from pentaborane. 
Fig. 3. The monoisotopic r e l a t i v e  abundances f o r  t h e  negat ive ions  f rm diborane, 

te t raborane ,  and pentaborane. 
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